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Efficient scrap waste automotive converter Ru-based catalysts for
the continuous-flow selective hydrogenation of cinnamaldehyde

Camilla Maria Cova,? Alessio Zuliani,® Mario J. Mufioz-Batista®* and Rafael Luque®b*

The selective, efficient and sustainable continuos flow hydrogenation of a a,B-unsaturated aldehyde, i.e. cinnamaldehyde,
to the corresponding unsaturated alcohol, i.e. cinnamyl alcohol, using a scrap waste automotive converter novel Ru-based
catalyst is reported. The catalyst was prepared by recycling and upgrading waste ceramic-cores of scrap automotive
catalytic converters as supporting material. Ruthenium was incorporated in the ceramic structures using a simple, fast and
solventless mechanochemical-assisted procedure followed by a chemical reduction step. Different catalysts were prepared
varying Ru content. The materials were characterized by XRD, N, physisorption, XPS, TEM, HRTEM and SEM/mapping
analyses. Compared to Ru supported over most studied silica and allumina supports, the new system displayed
outstanding catalytic performance under continuous-flow conditions in terms of conversion and selectivity as well as a
remarkable stability with time-on-stream, demonstrating a synergistic action between Ru and the waste catalytic
converter support. A Ru loading of 10 wt.% provided optimum results, including a cinnamaldehyde conversion up to 95%

with a selectivity

1. Introduction

Chemo-selectivity is a bedrock of catalytic processes since it
involves the activation of specific functional groups within
more complex starting reactants. The chemo-selective
hydrogenation of a, B-unsaturated aldehydes represents a
critical step in the synthetic preparation of chemicals for the
pharmaceutical and flavour/fragrance industry. For example,
citral, an a,B-unsaturated aldehyde extracted from plants, can
be selectively hydrogenated to geraniol, a commonly used
fragrance tasting of peach, raspberry, grapefruit and red
apple.’> In general, the chemo-selective hydrogenation of
a, B-unsaturated aldehydes has been widely investigated from
a mechanistic point using different catalytic systems.®® The
results demonstrated that the activation of the double carbon
bond is kinetically and thermodynamically favoured, leading to
the formation of saturated aldehydes.? ®1! However, the less-
favoured unsaturated alcohols (AE ~35 klmol? Iless
favoured)!? are of high value and broadly employed in
industry.10: 13-15 As 3 consequence, the design of catalytically
active materials that preferentially hydrogenates the carbonyl
bond with in yields is a captivating yet significant challenge still
nowadays.

A largely investigated reaction for the selective hydrogenation
of a, B-unsaturated aldehydes is the hydrogenation of

@ Departamento de Quimica Organica, Universidad de Cordoba, Edificio Marie-
Curie (C-3), Ctra Nnal IV-A, Km 396, Cordoba, Spain. E-mail: rafael.lugue@uco.es
bpeoples Friendship University of Russia (RUDN University), 6 Miklukho Maklaya
str., 117198, Moscow, Russia

This journal is © The Royal Society of Chemistry 20xx

to cinnamyl alcohol of 80%.

cinnamaldehyde (CAL) to cinnamyl alcohol (COL). COL is a
fragrance smelling as hyacinth with balsamic and spicy notes
widely used in perfumes, drugs and in food formulations.16-18
As illustrated in Scheme 1, besides COL, the other principal
products of the hydrogenation of cinnamaldehyde include
hydrocinnamaldehyde (HCAL) and hydrocinnamyl alcohol
(HCOL).19-21

O/\w\o ©/\/\0H
——

Cinnamaldehyde (CAL) Cinnamyl alcohol (COL)

0 OH
D

Hydrocinnamaldehyde (HCAL) Hydrocinnamyl alcohol {(HCOL)

Scheme 1 Reaction pathways in the hydrogenation of cinnamaldehyde (CAL:
cinnamaldehyde; COL: cinnamyl alcohol; HCAL: hydrocinnamaldehyde;
HCOL: hydrocinnamyl alcohol)

Most studied chemo-selective heterogeneous catalysts for the
hydrogenation of CAL to COL are based on supported
ruthenium compounds.?%25 In  particular, significant
conversion and selectivity values have been reported using
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ruthenium supported on porous alumina?® or silica.?’” More
recently, also different carbon materials such as graphene,?®
carbon nanotubes,?> 2% 30 activated carbons3 32 or
mesoporous carbons3® have been reported as efficient
supporting materials. The choice of an appropriate supporting
material is of primary importance since its intrinsic properties
and, more importantly, the interaction between the metals
and the support can deeply modify the reaction selectivity, as
reported by Leng et al.3* Firstly, a lower metal dispersion
generally boosts the selectivity to COL. Furthermore, an
enhanced charge transfer between the metal and the support
material can also lead to an improvement of selectivity to COL.
Finally, the presence of metallic promoters or additional Lewis
acid properties could also indorse the selectivity to COL.
Important features that should always be considered in the
development of novel supporting materials include the
scalability and the green credentials of the reaction. Therefore,
new supporting materials should be inexpensive, easily
synthesized and have low environmental impact.

Within these aims, the exploitation of largely-produced waste
can offer almost unlimited opportunities. In 2016, ca. 6 million
of end-of-life vehicles were registered only in the European
Union, generating approximately 6 thousand tons of ceramic-
cores of scrap automotive catalytic converters (CATs). Scrap
CATs are normally recycled and treated in order to recover
platinum-group metals (PGMs). However, these procedures
are normally highly toxic, time consuming and generates lots
of waste.3>40 In addition, also the latest procedures with
environmental friendly characteristics still have very high E-
factor, as only the PMGs are recovered, while the remaining
matrix is waste.*!

Herein, novel Ru catalysts supported on scrap waste CATs with
high catalytic activity (up to 95% conversion) and selectivity
(up to 80%) in the hydrogenation of CAL to COL are reported.
To the best of our knowledge, no similar works were
previously described on the use of these systems as
sustainable catalyst supports. Ru-based catalysts were
prepared via fast and simple procedure involving a
mechanochemical step followed by a chemical reduction. The
catalysts were tested in the hydrogenation of CAL to COL using
a continuous flow system to test not only activity and
selectivity of the systems but also their stability with time-on-
stream. Remarkably, IUPAC has identified flow chemistry and
mechanochemistry among the “top ten chemical innovations
that will change our world” and defined them as “emerging
technologies with potential to make our planet sustainable”.*?
Indeed, continuous flow systems can offer several advantages
including the use of small amounts of solvents and chemical
reagents, reduced reaction times, improved selectivity and
increased yields.#> 4 On the other hand, mechanochemical
protocols allow to carry out reactions easily, quickly, with high
reproducibility, avoiding, in most cases, solvent utilization. As a
result, mechanochemistry can be pointed as an overall highly
relevant environmentally-friendly technique.*>-47

2. Experimental sections

2| J. Name., 2012, 00, 1-3

Ruthenium(lll)-chloride  hydrate  (RuClz-xH;Q),,, aSREUM
borohydride (NaBH,;, 99%), trans-cinA¥thaldéRydeCG(OR0,
99%) and ethanol (CH3CH,0OH, 99.5%) were purchased from
Sigma-Aldrich Inc., St. Louis, MO, USA. Acetonitrile (CHsCN,
99.9%), silica Gel 60 (63-200 microns), aluminium oxide basic,
aluminium oxide activated acidic were purchased from
PanReac Quimica, Barcelona, Spain. All reagents were used
without any further purification.

2.1 Synthesis

Prior to the utilization as supporting material, the ceramic-
cores of scrap automotive catalytic converters (CATs), kindly
donated by the company PROVALUTA S.L., were washed and
dried. Specifically, 50 g of CATs were dispersed in 100 mL of
distilled water and put in an ultrasonic bath for 2 hours.
Sequentially, the powders were filtrated and dried in a 100°C
oven (the resulting powder was denoted as CCO, unreduced
support).

A number of supported Ru catalysts were synthesized
(supporting materials: CCO, SiO,, Al,O5 activated or Al,03) by a
mechanochemical-assisted method followed by a chemical
reduction. In a typical synthesis, the supporting powder (2 g)
and the correct amount of ruthenium salt, RuClz-xH,0, (456 mg
for 10%wt; 228 mg for 5%wt, 114 mg for 2.5%wt and 45 mg for
1%wt) were mixed together in a 125 mL stainless steel milling
jar equipped with eighteen 5 mm diameter stainless steel
balls. The powders were grounded in a Retsch PM100
planetary ball mill at 350 rpm for 15 minutes, changing the
direction of rotation every 2’30”. Upon milling, the resulting
homogenous powders were chemically reduced using NaBH,4
(4 eq) and EtOH (20 mL) as solvent. The reduced catalysts were
filtrated and washed with water (5 mL) and ethanol (5 mL).
Finally, the resulting powders were oven-dried at 100°C for 24
hours. Samples were named 10%Ru/CC, 5%Ru/CC, 2.5%Ru/CC,
1%Ru/CC, 0%Ru/CC (0%Ru/CC has no ruthenium content,
standing for reduced CCO), 10%Ru/SiO,, 10%Ru/Al,O3
activated and 10%Ru/Al,0;. CCO corresponds to the
unreduced/untreated scrap CAT.

2.2 Catalyst characterization

Powder X-ray diffraction (XRD) patterns were obtained with a
Bruker D8 DISCOVER A25 diffractometer (PanAnalytic/Philips,
Lelyweg, Almelo, The Netherlands) using CuKa (A = 1.5418A)
radiation. Wide angle scanning patterns were collected over a
20 range from 10° to 80° with a step size of 0.018° and
counting time of 5 s per step.

Textural properties of the samples were determined by N,
physisorption using a Micromeritics ASAP 2020 automated
system (Micromeritics Instrument Corporation, Norcross, GA,
USA) using the Brunauer-Emmet-Teller (BET) and the Barret-
Joyner-Halenda (BJH) methods. The samples were outgassed
for 24 h at 100 °C under vacuum (P, = 102 Pa) and
subsequently analysed.

Scanning electron microscopy images were recorded with a
JEOL JSM-6300 scanning microscope (JEOL Ltd., Peabody, MA,
USA) equipped with Energy-dispersive X-ray spectroscopy

This journal is © The Royal Society of Chemistry 20xx
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(EDX) at 15 kV at the Research Support Service Center (SCAI)
from University of Cordoba.

TEM images were recorded in a JEOL 1200 equipped with
Energy-dispersive X-ray spectroscopy (EDX), at the Research
Support Service Center (SCAI) from Universidad de Cordoba.
Prior to analysis, samples were prepared by suspension in
EtOH, assisted by sonication and followed by deposition on a
copper grid.

HRTEM images were recorder in a FEI TITAN3 (CEOS Company)
equipped with a SuperTwin® objective lens and a CETCOR Cs-
objective corrector (CEOS Company) at the Laboratorio de
Microscopias Avanzadas of the Instituto de Aragon, at the
University of Zaragoza (Spain).

XPS studies were performed at the Central Service of Research
Support (SCAI) of the University of Cordoba, using an ultrahigh
vacuum (UHV) multipurpose surface analysis system Specs™.
The experiments were carried out at pressures <101° mbar,
using a conventional X-ray source (XR-50, Specs, Mg-Ka, hv =
1253.6 eV, 1 eV = 1.603 X 101° J) in a “stop and go” mode.
The samples (4 mm x 4 mm pellets, 0.5 mm thick) were
evacuated overnight under vacuum (<10 mbar). Spectra were
collected at room temperature (pass energy: 25 and 10 eV,
step size: 1 and 0.1 eV) with a Phoibos 150-MCD energy
detector. The deconvolutions of the curves and the elements
quantifications were obtained using XPS CASA software.

2.3 Catalytic experiments

Catalytic performances of the catalysts were evaluated under
liquid phase continuous flow conditions in an H-Cube Mini
Plus™ flow hydrogenation reactor. The materials were packed
(~0.2 g of catalyst per cartridge) in 30 mm-long ThalesNano
CatCarts. Initially, the reactor was washed with methanol and
acetonitrile (0.3 mL min flow, 20 minutes for each solvent).
Sequentially, a solution of 0.1 M cinnamaldehyde in
acetonitrile was pumped through and the reaction conditions
were optimized basing on previous studies from the group
(90°C, 30bar, 0.1 mL min). The required hydrogen was
generated in situ during the reaction by water electrolysis in
the H-Cube equipment. The reactions were performed for 120
minutes, collecting samples every 15 minutes for further
analysis. Samples collected at “0 min” were considered as first
outcomes under operative reaction conditions passed through
the cartridge.

The conversion and selectivity were analyzed by gas
chromatography (GC) in an Agilent 6890N gas chromatograph
(60 mL min~! N, carrier flow, 20 psi column top head pressure)
using a flame ionization detector (FID). A capillary column
Agilent Technologies Inc. HP-5 (30 m x 0.32 mm x 0.25um) was
employed. Calibration curve was obtained with an internal
standard method using octane as standard. Standard solutions
of cinnamaldehyde (from 0.005 to 0.1 M) and 0.1 M octane in
CH3CN were analyzed by GC to give linear regressions with R2 >
0.999. In addition, the collected liquid fractions were analyzed
by GC-MS—using the Agilent 7820A GC/5977B High Efficiency
Source (HES) MSD—in order to identify the obtained products.

This journal is © The Royal Society of Chemistry 20xx
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3. Results and discussion

View Article Online
DOI: 10.1039/C9GC01596E
3.1 Characterization of Ru/catalytic converter systems
The novel catalysts were characterized by XRD, TEM, HRTEM,
SEM/mapping, N, physisorption and XPS. As illustrated in Fig.1,
the washing of the starting CATs for the preparation of CC
resulted in incrementing the diffraction peaks of the samples.
This demonstrated that a great portion of the amorphous
carbon adsorbed on the surfaced was successfully removed.
Considering samples CCO (unreduced support), 0%Ru/CC
(reduced CCO) and 10%Ru/CC, the most intense diffraction
peaks observed at 20 values of 21.72°, 28.49° and 54.67° could
be indexed to the (1 0 0), (0 1 1), (2 0 2) planes of SiO, with
hexagonal structure (JCPDS 00-023-0961), one of the major
component of CATs.*8
In fact, an automotive catalytic converter generally consists of
four main structures:*°
1) The catalyst core or substrate, which consists of a ceramic
monolith (defined as inner ceramic). The monolith has a
honeycomb  structure mainly made of cordierite
(2Mg0-2Al,05-5Si0,).
2) The wash coat, which is a carrier for the catalytic material
and is used to disperse the materials over a large surface area.
Al,O3, TiO,, SiO,, or a mixture of alumina and silica can be
used.
3) CeO, or Ce0,-ZrO,. These oxides are mainly added to
promote the oxygen storage adsorbed from air and needed for
the oxidations of exhaust emission.
4) Noble metals such as platinum, palladium and rhodium.
Other metals such as iron, manganese, nickel and cerium are
also present.
As a consequence of this complexity, all remaining diffraction
peaks could hardly be assigned in any case due to their low
diffraction line intensities. ICP-MS of CCO unreduced support
also detected Si, Al, Mg, Fe and Ce as main components while
also minor components such as Ti, Zn, Zr and Pt were revealed.
(For detailed ICP-MS analysis please see ESI, Table S.1).
XRD patterns of 10%Ru/CC, as well as the XRD pattern of
10%Ru/Si0,, 10%Ru/Al,0; and 10%Ru/Al,O5 activated did not
show any appreciable peaks that could be indexed to
ruthenium. (Please see ESI Fig.S.1 for the complete XRD
patterns) The presence of Ru was subsequently confirmed by
TEM, HRTEM, SEM/mapping and XPS analysis.

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 XRD patterns for 10%Ru/CC, 0%Ru/CC, CCO and ceramic-core of scrap
catalytic converter

Fig.2 shows SEM images and SEM/mapping of sample
10%Ru/CC. In Fig.2-A it is possible to visualise flakes structures
derived from the smashed ceramic honeycomb. Fig.2-B,C and
D show the EDX-mapping of the major components of the CC
support, ie. C, Si and Al The inhomogeneous carbon
distribution is a consequence of the ball milling treatment:
initially, carbon was almost exclusively located on the CATs
surface, while mixed with all other components after ball
milling. Si and Al were homogeneously distributed over the
catalyst surface, as they are elements both present in the
catalyst core and in the wash coat. Remarkably, as illustrated
in Fig.2-E, Ru was homogeneously-distributed over all the
catalyst surface. (Fig. S.2 ESI, SEM/mapping of all samples).
Fig.3 shows TEM images of scrap automotive catalytic
converter (CATs) and of 10%Ru/CC catalyst before and after
the catalytic tests. TEM images of 10%Ru/CC catalyst (Figures
3-B,C) showed that ruthenium particles were successfully
supported on the catalytic converter surface. In particular,
several darker areas, clearly associated with the ruthenium-
oxide counterpart, were observed and confirmed by EDX
analysis. Despite some significant agglomeration takes place
(Fig.3-C), the materials were proved to be highly active and
stable under the investigated reaction conditions.

In order to better analyse the morphology and Ru content of
10%Ru/CC, additional HRTEM images were taken as illustrated
in Fig.4. The images showed the smashed structure of CATs
(Fig.4-A, Fig.4-B) and the presence of Ru nanoparticles, also in
some agglomerated forms (Fig.4-C and Fig.4-D). The dimension
of individual Ru nanoparticles were found to be ca. 2 nm
diameter (Fig.4-E). The d-spacing of some of the ruthenium
crystals ranged from 0.20 to 0.21, which can be associated to
the (101) and (002) planes of RuO, (for additional images,
please see ESI, Fig.S.3).

4| J. Name., 2012, 00, 1-3
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Fig. 2 (A) SEM image of the 10%Ru/CC catalyst with mapping analysis of (B)
Carbon; (C) Silicon; (D) Aluminium and (E) Ruthenium

Fig. 3 TEM images of the CATs (A), 10%Ru/CC catalyst (B) and 10%Ru/CC
catalysts after stability test (C)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 HRTEM images of 10%Ru/CC. F corresponds to a single Ru
nanoparticle

In order to determine the specific surface area of the catalyst,
Brunauer-Emmett-Teller (BET) physisorption was carried out
by nitrogen adsorption-desorption measurements. Table 1
lists the results of the analysis. The data demonstrated that
the catalysts were essentially non porous (Type Ill Isotherm), in
good agreement with SEM images. After the addition of
ruthenium, a slight increasing in surface area was observed.
This could be related to the ball-milling addition of the
ruthenium precursor which was deposited on the surface of
the catalytic converter as small nanoparticles, increasing the
surface area. After metal reduction, these particles were
reduced in dimensions so that a further surface area
increment was detected (Please see the isotherm graph in the
ESI, Fig.S.4).

Table 1 Textural properties of key synthesized catalysts

Sample Surface area / m? g*
CCO (unreduced support) 13
10%Ru/CC* 16
10%Ru/CC 21

*before chemical reduction

The interaction of Ru entities and the CC support was also
studied by XPS. As analysed in previous work, Ru-containing

This journal is © The Royal Society of Chemistry 20xx
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catalysts exhibit complex spectra. On the one hang, the fitting
of the Ru 3d core level can be achigvEY0&RiRBCSRVENE]
asymmetric lines shape, on the other hand, a strong
overlapping effect from close enough peak positions can be
encountered between carbon and ruthenium contributions.>%
51 Such overlapping can be observed in Fig.5-A. Ru 3d XPS
region showed a separate band at 280.7 eV, which can be
associated with a dominant Ru (IV) oxidation state on the
surface.>® Position and shape of this contribution were pretty
like the obtained for the 10%Ru/SiO, reference (Fig.5-A).
However, clear differences concerning the C component were
observed. C 1s, with a reference peak at 284.6 eV (C-C),
confirmed that adventitious C remained in the structure of the
CC support after the washing treatments and the further
functionalization with Ru.

A detailed analysis of the region is presented in Fig.5-C for the
10%Ru/CC sample. The fitting procedure followed
recommendations given by Morgan.>°

Fig.5-C shows the lines at 284.7 eV (3ds/;) and 284.0 eV (3d3/,)
associated, as aforementioned, with Ru0,.>% 5! |n addition,
satellites 1.9 eV above each Ru (3d) signal and line shape
equivalent to the parent peak and a spin-orbit splitting of 4.17
eV for photoelectron peaks and satellites with an area ratio of
0.67 must be considered.>® The existence of dominant oxidized
ruthenium was confirmed by Ru 3p XPS region.

As observed in Fig.5-B and Fig.5-D, the binding energy values
associated with the Ru 3ds;, peak were both (10%Ru/CC and
10%Ru/Si0,) above 462.7 eV, characteristic of Ru(IV).>% >3
Identification of other elements constituting the CC structure
and silica support was also carried out. Fig.5-E,F and G show
the Si 2p, O 1s and Al 2s XPS regions. The values of ca. 103.6
eV and 533.1 eV agree with Si 2p and O 1s of SiO,,
respectively.®® Nonetheless, all Si 2p, O 1s as well as Al 2s
showed a low binding energy shift in comparison with pure
aluminosilicate compounds,®®> which could be associated with
an electronic effect due to the presence of multiple Si- and O-
metals (Ce, Zr, Fe, etc.) interactions in the CC support.
However, no clear evidence of charge transfer enhancement
and its relation with the activity and selectivity could be
claimed from this result,3* and new experiments such as in-situ
synchrotron X-ray absorption spectroscopy must be
considered to evidence this singular interaction.

Finally, 10%Ru/CC catalyst was characterized by XPS analysis
after the stability test, showing no appreciable differences
compared with the fresh (unused) catalyst.

3.2 Catalytic tests

Influence of flow rate

The effect of the flow rate on the hydrogenation of CAL was
initially investigated using 5%Ru/CC and 10%Ru/CC. Previously
optimised operating conditions of 90°C temperature under 30
bar H, pressure were selected as starting conditions.>®
Acetonitrile was chosen as solvent due to the less aggressive
toxic and pollutant characteristics®” as well as being optimum
solvent for the hydrogenation of CAL in previous work from
the group.>® Other solvents including isopropanol, ethanol and
water were discharged due to relevant problems in flow

J. Name., 2013, 00, 1-3 | 5
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conditions such as cartridge blockage and pressure drop
issues. Fig.6 displays the results in terms of conversion and
selectivity to COL operating at flow rates of 0.1, 0.3 and 0.6 mL
minl. Steady state conditions were observed for all catalysts
after 45’ of reactions.

Table 2 summarizes the results in average under steady-state
conditions. Main products include COL, CAL and HCAL. Other
products (reported together as “others”) include
B-methylstyrene, propylbenzene and ring hydrogenation
products.®® While a higher content of Ru provided a higher
conversion (Fig.6-A and Table 2), the correlation between Ru%
and selectivity to COL was not obvious. Reduced Ru content
corresponded to an increased selectivity to COL of ca. 5-10% at

Journal Name

a flow rate of 0.1 mL min'tand 0.3 mL min. As HCALwWasnat
observed (Table 2), although there Di3l: IR8038xp&ripRErPtal
evidence, the most probable hypothesis is that CAL was
initially hydrogenated to COL, which was subsequently
hydrogenated to HCOL. This supposition could be further
supported by the observed selectivity to COL at higher flow
rates (e.g. 0.6 mL min?). Higher flux prevented a longer
contact between COL and the catalyst, avoiding the sequential
hydrogenation to HCOL. In order to better analyse the
selective hydrogenation to COL, the flow rate of 0.1 mL min
was further selected (Table 2).

462.7, B

Intensity / a.u.

288 284 280

B.E. / eV B.E./ eV

490 480 470 460 290 285 280

490 480 470 460

B.E./eV B.E./eV

Intensity / a.u.

533.1 . F

1193 G

108 104
B.E./ eV

Fig. 5 XPS analysis of 10%Ru/CC (light blue) and 10%Ru/SiO, (grey) samples. (A) C 1s and Ru 3d. (B) Ru 3p. (C) Representative example (10%Ru/CC) of the
fitting procedure of C 1s (black) and Ru 3d (orange) XPS regions. (D) Representative example (10%Ru/CC) of the fitting procedure of Ru 3p XPS region. (E) Si

2p. (F) o 1s
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100 540 535
B.E./ eV

530 123 120 117 114
B.E./ eV

and (G) Al 2s
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Fig. 6 Influence of the flow rate on CAL conversion (A) and COL selectivity (B). Reaction conditions: p = 30 bar H,; T = 90°C

Table 2 Reaction parameters and conversion and selectivity values at steady state conditions for the reaction carried out at different flow rates

Selectivity / %
"OH. \o OH.
Catalyst Flow rate / ml min? T/ min* Conversion / % ©M QM @M oth COL Yield / %
ers
CcoL HCAL HCOL

BLANK 0.1 3 <3% - - - - -
10%Ru/CC 0.1 3 94.4 80.1 - 8.8 11.1 75.6
10%Ru/CC 0.3 1.5 84.8 74.2 - 6.1 19.7 62.9
10%Ru/CC 0.6 0.7 64.8 93.4 - - 6.6 60.5
5%Ru/CC 0.1 3 64.0 85.1 - 5.1 9.8 54.5
5%Ru/CC 0.3 1.5 38.0 85.0 - 3.8 11.2 323
5%Ru/CC 0.6 0.7 19.9 92.2 - - 7.8 18.3

*residence time = Catcarts volume / flow rate

Table 3 Reaction parameters and conversion and selectivity values at steady state conditions for the reaction carried out at different H, pressures

Selectivity / %
N o o
Catalyst Pressure / bar Temperature /°C  Conversion / % OM ©M ©AA oth COL Yield / %
ers
CoL HCAL HCOL
10%Ru/CC 10 90 38.2 84.1 - 6.7 9.2 32.1
10%Ru/CC 20 90 66.4 82.7 - 7.0 10.3 54.9
10%Ru/CC 30 90 94.4 80.1 - 8.8 11.1 75.6
10%Ru/CC 40 90 95.1 79.9 - 9.2 10.9 75.9

Table 4 Reaction parameters and conversion and selectivity values at steady state conditions for the reaction carried out at different temperatures

Selectivity / %
~ oM 0 OH.
Catalyst Pressure / bar Temperature /°C  Conversion / % QM @M ©M oth COL Yield / %
ers
CcoL HCAL HCOL
10%Ru/CC 30 50 78.3 68.9 - 16.6 14.5 53.9
10%Ru/CC 30 70 85.6 74.2 - 11.4 12.4 63.5
10%Ru/CC 30 90 94.4 80.1 - 8.8 11.1 75.6
Influence of H, pressure and temperature 40 bar). Steady state conditions were observed for all trials

The influence of the H, pressure and temperature on the after 45 mins of reaction (ca. 2 mins residence time).

hydrogenation of CAL was further studied using 10%Ru/CC. A Table 3 summarizes average results under steady-state
set of experiments were carried out fixing the reaction conditions. Remarkably, the selectivities to the main different
temperature at 90°C and varying the H, pressure (from 10 to products gave almost the same values. However, a higher

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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pressure provided a higher conversion, reaching a maximum at
30 bar of H, pressure. The experiment conducted at 40 bar of
H, pressure gave almost identical results. As a result, 30 bar H,
pressure value was selected as optimum reaction pressure, in
order to minimize the energy consumption. Successively, a
sequence of experiments was carried out operating at 30 bar
H, pressure and changing the reaction temperature. The trials
were performed at 50, 70 and 90 °C. 90°C was selected as
maximum reaction temperature in order to operate avoiding
any damage and blockage of the instrument (H-Cube can
operate maximum at 100°C). Results at steady-state conditions
are presented in Table 4.

A higher temperature provided higher conversion and higher
selectivity to COL. Based on these results (94% of conversion
and 80% of selectivity to COL), 90 °C was selected as optimum
reaction temperature.

Effect of Ruthenium loading

Sequentially, operating under optimized flow rate of 0.1 mL
min-l, the selective hydrogenation of CAL was investigated as
function of the metal loading. As illustrated in Fig.7, optimum
conversion values were observed at higher Ru contents, with
very low conversion obtained for Ru loadings below 5% Ru.

g

Conversion
B selectivity to COL

804

60

40+

20

Conversion and selectivity / %

0 10%Ru/CC  5%Ru/CC  2.5%RufCC  1%Ru/CC  0%Ru/CC
Fig. 7 CAL conversion and COL selectivity average under steady state
conditions (TOS =120 min) for different Ruthenium loadings over CC
supporting material. Reaction conditions: p = 30 bar H,; T = 90°C; flow rate =
0.1 ml min!

In addition, the selectivity to COL increased by increasing Ru
content, reaching a maximum for 5%Ru/CC. As previously
described, sample 10%Ru/CC showed slightly less selectivity to
COL due to further hydrogenation to HCOL (Table 2). Despite
catalyst 5%Ru/CC showed the best performance in terms of
selectivity, 10%Ru/CC was selected for sequential tests due to
the optimum product yield (75% vs 54% for 5%Ru/CC, Table 2).
Remarkably, CC (reduced) support material showed some
catalytic activity also before addition of Ru, while CCO (support

Journal Name

not reduced) showed no catalytic activity. Thisa&am.he
explained in terms of the content of DROBIRIGHYEASCRLSERE
supporting material: after the recovery and the washing of the
ceramic from scrap automotive catalytic converters, noble
metals (Pt, Pd, Rh) present in trace quantities in CATs were
also reduced during the reduction of Ru, reactivating the
metallic sites. As described by Gallezot and Richard®, Pt is
highly selective to the carbonyl group, while Pd to the olefinic
bond, explaining the selectivity to COL of 1%Ru/CC and
reduced CC samples of around 62% and 50%, respectively (ESI,
see Table S.2 for all selectivity and yield data).

Influence of the supporting material

In order to investigate and demonstrate the positive influence
of the CC supporting material on the catalytic activity, different
catalysts (10%Ru loading) were prepared using standard
supporting materials including SiO,, acidic Al,O3 activated and
commercial Al,Os. As illustrated in Fig.8 and Table 5, the
conversion obtained for 10%Ru/CC was remarkably superior to
that of all additionally investigated supports.

The most active alternative catalyst, 10%Ru/SiO,, exhibited a
conversion of CAL up to 68.4% but with low selectivity to COL
(32.4%).

®
= 601 —o— 10%Au/CC
o —a—10%Ru/S0,
£ i —— 10%RW/ALO, activated
2 04 .\ —e—10%Ru/AL0,
8 o \
204 — s

T T T
o 15 30 a5 60 75 20 105 120

time / min
100
B |
80- —_-_t\\‘ . . . & . a8
®
~
-
S 604
o
2
Z i —
3 -— —— &
£ 404
[*]
U
= | G o
w

]
(=]
L

[ oy T T T T T T T T
0 15 30 45 60 75 90 105 120

time / min
Fig.8 CAL conversion (A) and COL selectivity (B) using different catalysts.

Reaction conditions: p = 30 bar H,; T = 90°C; flow rate = 0.1 mL min!

Table 5 CAL conversion and COL selectivity average at stationary state (TOS=120 min) for different supporting materials

Selectivity / %

Catalyst

8 | J. Name., 2012, 00, 1-3

Conversion / % O\M

o on Yield to COL /%
(77 (7 others /%
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CcoL HCAL HCOL View Article Online
DO 10.1039/C9GC01596E
Blank <5 - - - - -
10%Ru/CC 94.4 79.7 - 9.2 11.1 75.2
10%Ru/SiO, 68.4 47.4 1.4 2.4 47.8 32.4
10%Ru/Al,0; activated* 20.5 453 17.1 34 34.2 9.3
10%Ru/Al,0; 14.2 28.7 34.3 0 37.0 4.1

*stationary state reached after 105 min

On the other hand, the acidic properties of activated Al,03
enhanced the hydrogenation reaction of CAL, but with low
selectivity to COL. Furthermore, such acidity was slowly
deactivated in time, reducing the catalytic activity of the
catalysts to the same of standard Al,Os. This comparison also
demonstrated that Ru/CC catalysts could hydrogenate the
aldehyde of the a,B-unsaturated aldehyde, while the olefinic
bond was hydrogenated only when the compound was in the
form of the a,B-unsaturated alcohol. As a consequence, the
high activity and selectivity of 10%Ru/CC could be explained in
terms of enhanced charge transfer between the metal and the
support material (as also indicated and found by XPS analysis)
and by the presence of traces of metallic promoters present in
the scrap waste CC (mainly Fe, Ce, Zr, Ti, Zn, Pt, Mg and Pd).

Comparison with commercially available hydrogenation catalysts
The catalytic activity of the synthesized scrap-based catalysts
was eventually compared with commercially available 5%Pd/C
and 5%Ru/C systems, as shown in Fig.9.

100 - 100
7
B .
80 % 5 % [ 10%ru/cC| | o
B | sweecc
® %/ﬁ ' :7//; 777 5%pd/c <
= 60 | ,’///5 R s%ru/c Lo
7 7 =
o ' ) Z
‘B /‘ﬁ ‘ Z S
> ﬂ ) ,;/,; o
c 40 7 7 iy
S B % i
7 ] 7
207 | % L 20
0- AL 7

coL HCAl

=

HCO Others

@f\/\» Q/\/“%@AA;

Fig.9 CAL conversion and COL, HCAL, HCOL selectivity average in stationary
state (TOS = 120 min) comparing 10%Ru/CC and 5%Ru/CC with commercially
available 5%Pd/C and 5%Ru/C. Reaction conditions: p = 30 bar H,; T = 90°C;
flow rate = 0.1 mL min*

For a complete comparison, also sample 5%Ru/CC was
considered, in order to relate the same weight amount of
metal loaded. As illustrated in Fig.9, 5%Pd/C was highly active
for the hydrogenation, exhibiting an almost complete
conversion of CAL under the investigated reaction conditions.
Comparably, 5%Ru/CC and 10%Ru/CC were significantly less
active. However, Pd was found to be selective to the reduction
of the double bond of the a,B-unsaturated aldehyde, favouring

This journal is © The Royal Society of Chemistry 20xx

the production of HCAL, which was sequentially hydrogenated
to HCOL. On the other hand, Ru/CC catalysts were highly
selective to the carbonyl group of CAL. The conversion
obtained with 5%Ru/CC was remarkably superior that of
5%Ru/C commercial catalyst (Fig. 9), demonstrating again the
positive influence of the catalytic converter supporting
material on the catalytic activity.

Stability of the catalyst

The long term stability of 10%Ru/CC was investigated under
optimum continuous flow conditions. The reaction was
performed for a 10 hours TOS. No relevant changes in
conversion of CAL and selectivity to COL demonstrated a good
stability of the catalyst under the investigated conditions, as
shown in Fig.10, further supported by almost negligible Ru
leaching (<10 ppm in the filtrate after 10 h reaction) as
determined by ICP-MS.

E-factor

In order to validate the green credentials of the proposed
methodology, the E-factor of 10%Ru/CC was calculated and
compared to catalysts previously described for the same
application.>®60 E-factor was calculated as reported by R.
Sheldon:%*

E — factor = (total waste / kg)/(product / kg)

100
T L R R
z
=
E 60 Con\re.ls_ion
o —d— Selectivity to COL
i —&— Selectivity to HCOL
& 40l —4— Selectivity to HCAL
5 —d— Selectivity to others
B
Q
g 20

0 : & & & A & & & & & &

0 60 120 180 240 300 360 420 480 540 600
time / min

Fig.10 Stability test of sample 10%Ru/CC. Reaction conditions: p = 30 bar H,;

T=90°C; flow rate = 0.1 mL min™!

While 10%Ru/CC had an E-factor of 24 (which correspond to
the industrial segment of fine chemicals), our previously

J. Name., 2013, 00, 1-3 | 9
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reported Pd system had an E-factor of 140 (mostly due to the
synthesis of the supporting material SBA-15).58 Other catalysts,
such as Cu—Ni—AAPTMS@GO and Ce0,-ZrO, composites
supported Pt nanoparticles, have E-factors of <350 and <250,
respectively.>9-60

4, Conclusions

Ruthenium-based catalysts supported on ceramic-cores of
scrap automotive catalytic converters were efficiently
synthesized by a mechanochemical approach followed by a
chemical reduction. The interaction between Ru and the
recycled catalytic converter strongly influenced the catalytic
performances of ruthenium. Such catalytic response could be
associated with an enhancement of charge transfer and the
presence of noble metal particles. Synthesized catalysts were
tested in the selective conversion of CAL to COL in continuous
flow conditions. A complete analysis of the reaction was
performed changing the flow rate and metal loading catalysts.
In order to prove the effective influence of the catalytic
converter support on the conversion of CAL, different catalysts
were prepared using same Ru-loading on standard supporting
materials.

In conclusion, a Ru loading of 10%wt allowed the best catalytic
performance, including the conversion of CAL up to 95%, with
selectivity to COL up to 80%.

This work opens to the possibility of reuse scrap automotive
catalytic converters as efficient support materials (for catalyst
design) and even as catalysts, to be reported in due course.
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